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j . DYMMIC  TECHNIQUES  FOR' DETECTING  ANT)  TRACING  TUNNEL  COMPLEXES 

t • . * 

«...  Backgrounds  Purpose,  and  Scope 

f . ■ . ■ 

1.  An  investigation  is  currently  being  conducted  by  the  Enginee  * 

j Researdi  and  Development  Laboratories  (ERDL)  for  the  purpose  of  de- 

termining methods  of  detficting  tunnel  networks . At  the  request  of 
ERDL  in  a telephone  conversation  on  2 February  1966,  between  Mr.  Z.  B. 
Fry  of  the  Waterways  Experiment  Station  (WES)  and  Mr.  Robert  Kimble 
(ERDL),  a field  party  was  sent  to  a test  site  near  Calhoun  Falls,  S.  C. 
Tests  were  conducted  during  the  period  11-13  February.  The  purpose  of 
this  investigation  was  to  determine  the  feasibility  of  using  various 
types  of  dynamic  test  techniques  to  detect  and  trace  tunnel  complexes. 

* *f 

* ' * . * 

Test  Site  Location  and  Conditions 
• • 

2.  The  terrain  in  the  vicinity  of  the  tunnels  was  flat  to  slightly 
rolling  with  pine  tree  forests*  Hhe  predominant  soil  in  the  area  is 

f 

red  clay.  During  the  testing  there  v^s  continuous  rainfall  accompanied 
by  occasional  high  winds. 

• * 

Eouinment  and  Measuring  Techniques 

Vibratory  tests 

S.  Vibration  tests  were  conducted  to  determine  the  length  of 

8iu*face , (Rayleigh)  waves  generated  by  a vibrator  at  controlled 

frequencies.^  When  sustained  vibrations  are  induced  into  a soil, 

• * 

concentric  waves  arc  propagated  outward  and  downward  from  the  source. 


By  measuring  the  wavelength  (utilizing  instrumentation  and  -techniques 
described  in  WES  Miscellaneous  Paper  No.  4-577,  "A  Procedure  for 
Determining  Elastic  Moduli  of  Soils  by  Field  Vibratory  Techniques,"  . 
dated  June  1963)  and  knowing  the  frequency  of  vibration,  the  wave 
velocity  can  be  calculated  as  follows: 

V = Xf  ■ • 

where 

V wave  V'elocity,  LT~^ 

* * 

X ~ wavelength,  L 
f = frequency  of  vibrator,  cycles 

4.  As  an  approximation,  it  can  be  saild  that  surface  waves 
emanating  from  a vibratory  source  propagate  through  a depth  about 
equal  to  half  the  wavelength.  In  previous  tests  at  several  test 

sites,  it  was  found  that  subsurface  anomalies  (pipelines,  cavities, 

« 

conduits,  etc.)  disrupted  the  regularity  of  measured  half-wavelengths. 
It  was  anticipated  that  the  vibratory  technique  could  possibly  be 
utilized  as  a detection  device  for  underground  cavities,  viz.,  tunnels. 

5.  Tests  were  conducted  at  the  site  by  placing  a small  (50  lb 
force)  vibrator  at  several  locations  away  i&om  the  tunnel  and  running 
traverses  perpendicular  and  parallel  to  it  as  shown  in  fig.  1. 

Numerous  frequencies  were  selected  for  the  tests,  but  it  was  found 
that  the  lowest  frequency  which  could  be  successfully  used  was  75  cps. 
This  allowed  £ depth  penetration  of  only  4.2  ft  which  was  not  suf- 
ficient  for  the  tunnel  detection.  External  constxniction  noises  at 
the  site  and  lack  of  adequate  vibrator  power  were  the  deterrent 


factors  in  a more  complete  investigation  of  the  tunnel  complex.  Un- 
fortunately, the  large  vibrator  ua^ed  for  deeper  investigations  was 
not  available  at  the  time  of  field  tests.  It  is  surmised,  however, 
that  the  vibratory  method  shows  promise  for  detection  of  subsurface 
anomalies  and  further  investigations  should  be  conducted. 

Drop  hammer  teats 

6.  Drop  hammer  tests  were  conducted  on  the  basis  of  investigations 
performed  by  the  U.  S.  Geological  Survey  on  deep  undergroimd  cavity 
detection.  Results  of  tests  conducted  by  USGS  indicated  that  a 
sizable  amplitude  increase  could  be  noted  on  geophones  spaced  im- 
mediately above  a large  cavity  when  excited  by  an  explosive  charge  of 
large  magnitude  a considerable  distance  away  from  the  detectors. 

This  phenomena  is  thought  to  be  caused  by  reverbration  of  the  cavity, 
which  is  a closed  volume,  at  its  natural  frequency.  Tests  were 
conducted  by  first  locating  the  drop  hammer  (a  10-lb  guided  mass 
striking  a 7-in.  steel  plate  from  a height  of  5 ft)  25  ft  from  the 
center  of  the  tunnel  and  a geophone  5 ft  from  the  hammer  on  a 
perpendiculsur  line  toward  the  tunnel  as  shown  in  the  test  layout 
(fig.  l).  The  hammer  was  dropped  from  a height  of  5 ft  and  the 
output  of  the  geophone  rec irded  on  an  oscillograph.  The  geophone 
wa'i  then  moved  in  5 ft  increments  toward  the  tunnel  and  recordings 
were  made  at  each  location  for  a distance  of  25  ft,  thus  passing 
immediately  above  and  a distance  beyond  the  cavity.  The  hammer 
location  was  then  moved  toward  the  tunnel  a distance  of  5 ft  and 
the  same  procedure  was  followed.  Amplitudes  were  recorded  from 
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harcacr  sta'*'ions  progressively  up  to  2 ft  from  the  edge  of  the  tunnel. 
Tnese  2S  recordings  did  not  reveal  any  Indication  of  an  existing 
underground  anomaly.  A normal  exponential  amplitude  decay  pattern 
was  exhibited  by  each  progressive  line.  Test  results  therefore 
indicated  that  such  a simplified  method  of  detection  was  not  foasiblo^ 
probably  due  to  a lack  of  adequate  shock  wave  energy  to  resonate  the 
underground  chamber. 

Seismic  tests  • 

7..  Seismic  tests  were  made  to  determine  the  compression  wave 
velocity  of  the  soils  near  the  tunnel  complex.  These  data  were 
collected  with  a portable  hammer-type  seismic  unit  which  incorporates 
a binary  counter  to  measure  elapsed  time  from  the  point  of  hammer 
impact  to  a single  geophone  receiver.  These  tests  were  performed, 
not  for  detection  purposes,  but  merely  for  information  on  wave  propa- 
gation  characteristics  of  the  soils  at  the  test  site.  It  was  found 
that  reliable  impulses  could  be  obtained  from  a sledge  hammer  blow 
for  a horizontal  distance  of  only  .70  ft  and  associated  compression 
wave  velocities  were  approximately  2500  ft/sec  for  an  undetermined 
depth  estimated  to  be  about  25  ft  below  ground  surface.  This  depth 
was  estimated  by  "rule  of  thumb"  which ’ is  generally  accepted  to 
predict  depth  of  wave  propagation  as  equal  to  about  1/3  the  total 
horizontal  traverse  distance. 

Acoustic  .tests  • ' 

8.  Acoustic  tests  were  performer'  to  determine  the  feasibility 
of  tracing  an  underground  tunnel  complex.  A block  diagram  of  the 


instruisentation  sending  an(^  receiving  apparatus  is  shown  in  fig.  2. 
From  this  diagram  it  can  be  seen  that  an  acoustic  transducer  (an 
acoustic  suspension  high  fidelity  loudspeaUcer  system)  was  placed  in 
one  of  the  entrances  to  the  tunnel  complex  and  its  resultant  signal 
was  received  via.  acoustic  - coupling  at  the  ground  surface  level  by  a 
moving  coil  velocity-type  pickup.  Tests  were  conducted  by  placing 
the  pickup  at  a point  known  to  be  immediately  above  a section  of  the 
tunnel  near  the  loudspeaker.  The  oscillator  was  swept  throu^  a 
wide  range  of  frequencies  and  a frequency  was  selected  where  the 
amplitude  of  ground  motion  at  the  pickup  was  at  a maximum  level. 

The  pickup  was  then  moved  to  various  locations  both  over  tiie  tiinnel 
and  away  from  the  complex.  Recordings  were  taken  at  each  location 

I 

and  a frequency  check  was  made.  If  it  was  found  that  another 

frequency  resulted  in  a higher  amplitude  at  a particular  location, 

* • 

then  a recording  .was  also  made  at  that  frequency.  This  pattern  was 
followed  for  two  separate  tunnel  conditions:  (a)  shoring  in  place,  and 
(b)  shoring  removed.  These  test  layouts  are  shown  respectively  in 
figs.  3 and  4.  Directions  will  be  indicated  as  either  right,  left, 
up  or  down  the  referenced  figure. 

9.  The  Initial  data  point  taken  in  each  test  case  was  located 
in  line  with  the  speaker  at  the  first  ’*1”  of  the  center  tunnel  in 
the  complex.  A fbrequency  was  selected  at  this  point  where  the  ampli- 

4 

tude  was  at  its  maximum.  . During  the  tests  with  the  shoring  in  place, 
the  maximum  amplitude  at  the  "T"  was  obtained  at  75  cps  (fig*  3). 

As  the  pickup  'was  moved  outward  (down  the  figure)  from  that  point 


tile  amplitude  dlalnislied  from  6.7  to  0.9  in  a distance  of  9 ft.  In 
moving  either  right  or  left  along  a line  directly  over  the  tunnel 
the  amplitude  dimished  rapidly  at  a frequency  of  75  cpsj  however,  a 
frequency  of  SO  cps  produced  a larger  amplitude.  At  a frequency  of 
SO  cps  the  pickup  was  moved  outward  (dovm)  at  a point  12  ft  to  the 
right  of  the  and  the  amplitude  diminished.  However,  as  the 
pickup  was  moved  in  the  opposite  direction  (upward)  the  amplitude 
progressively  increased.  As  the  pickup  was  moved  further  to  the 
right  from  the  "T"  the  maximum  amplitude  was  produced  at  a frequency 
of  66  cps  which  was  also  the  frequency  producing  the  maximum  amplitude 
at  the  comer  to  the  right  entrance  shaft.  Tne  amplitude  also  in- 
creased as  the  pickup  was  moved  upward  between  the  center  and  right 
entrances  for  the  66  cps  frequency  and  is  attributed  to  the  energy 
transfer  resonating  between  the  ti^o  tunnels.  In  moving  the  pickup 
to  the  left  of  the  "T"  the  maximum  amplitude  was  obtained -at  S7  cps 
at  the  .first  corner  and  progressively  increased  as  the  pickup  was 
moved  outward  (down)  from  the  corner  for  no  apparent  reason.  A 
maximum  amplitude  was  obtained  at  the  left  shaft  at  a frequency  of 
73  cps.  * 

10.  Tests  conducted  after  the  shoring  was  removed  showed  a 
noticeable  decrease  in  frequency  at  which  maximum  amplitudes  were 
observed.  The  same  general  trends  were  widened  as  found  with  shoring 
in  pla.ee.  The  pickup  was  located  initially  at  the  ’’T*'  of  the  central 
tunnel  entrance  and  a frequency  of  44  cps  produced  the  maximum  ampli- 
tude (fig.  4).  The  amplitude  decreased  as  the  pickup  was  moved 


outward  (doivn)  froa  the  tunnel,  although  not  as  rapidly  as’ when  the 
shoring  was  installed.  In  i&oving  right  or  left  fro®  tha  "T”,  first 
comer  to  left  and  loidway  between  central  and  left  entrance  tunnels, 
the  frequency  producing  the  naxizaum  amplitude  was  66  cps.  At  the 
comer  to  tl;a  right  shaft  entrance  the  frequency  producing  maximum 
amplitude  decreased  to  SI  cps.  In  moving  outward  from  the  tunnel 
at  those  mequencies  there  was  only  negligible  decrease  ir.  amplitude. 
In  moving  further  around  the  corner  and  along  the  tunnel  to  the  'left 
of  tiae  central  tunnel  the  frequency  producing  the  maximum  amplitiide 
was  near  SI  cps.  One  notable  point  of  interest  was  the  manner  In 
which  amplitudes  at  a frequency  of  SI  cps  decreased.  Increased,  and 
again  decreased  while  moving  from  the  tunnel  "dogleg"  toward  the 
lower  left  of  fig.  4.  Tunnel  geometry'  could  possibly  account  for 
this  irregularity.  At  each  point  where  measurements  were  made,  the 
frequency  Indicated  on  the  figures  produced  the  largest  amplitude 
on  the  surface. 

11.  During  the  performance  of  teste  with  shoring  in  place,  the 
speaker  system  was  inadvertently  turned  over  face  down,  thus  trans- 
mitting a goodly  portion  of  acoustic  energy  directly  into  the  soil 
material.  However,  these  amplitudes  and  frequencies  are  still 
^own  for  information  and  comparative  purposes. 

Conclusions  and  Recorrumendations 

12.  As.  a result  of  several  dynamic  test  methods  used  for  a 
feasibility  study  in  the  detection  and  tracing  of  underground  tunnel 
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coziploxes  it  was  concluded  that: 

a.  Vibratory  tests  with  a low  power  source  were  inconclusive 
for  detection  purposes. 

b.  Drop  haci&er  tests  did  not  release  enough  energy  to  cause 
» 

reverbratioa  of  an  underground  cavity,  and  are  titerefore  not  readily 
adaptable  for  detection. 

t 

c.  Acoustic  tests  are  a feasible  means  of  tracing  tunnel 
complexes  from  the  ground  surface. 

13.  It  is  recommended  td\at  further  tests  be  performed  to  develop 
instrumentation  and  techniques  of  utilizing  the  acoustic  method  of 
tunnel  tracing . 
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